A comprehensive analysis is performed to study the mitigation of graphite nozzle erosion in solid rocket motors loaded with nonmetallized ammonium perchlorate/hydroxyl-terminated polybutadiene composite propellants. The work extends our earlier model for predicting the chemical erosion of nozzle materials to include a nozzle boundarylayer control system. The strategy involves injection of relatively low-temperature species, obtained from reactions of an ablative material (succinic acid/polyvinyl acetate) and a small amount of propellant combustion gases, to a location slightly upstream of the nozzle throat. The formulation takes into account the detailed thermofluid dynamics of a multicomponent reacting flow, heterogeneous reactions at the nozzle surface, and condensed-phase energy transport. The effect of nozzle boundary-layer control system injection on the near-surface physiochemistry is investigated. Various fundamental mechanisms dictating the effectiveness of the nozzle boundary-layer control system are identified and quantified. The calculated erosion rates with the nozzle boundary-layer control system are negligible for the vertical injection, even at ultrahigh pressures. The mitigation of nozzle erosion is attributed primarily to the low temperature of the injected fluid, and secondarily to the reduced concentrations of oxidizing species, H 2 O, CO 2 , and OH, near the nozzle surface. A parametric study is also conducted to determine the influence of such nozzle boundary-layer control system operating parameters as temperature, velocity, and injection angle.
Nomenclature

A i
= preexponential factor for rate constant in reaction i b i = temperature exponent for rate constant in reaction i E i = activation energy for reaction i _ m = mass flow rate p = pressure p t = chamber pressure R = particular gas constant Re = Reynolds number R u = universal gas constant r = radial coordinate T = temperature T inj = injection temperature T t = chamber temperature u r-inj = nozzle boundary-layer control system injection velocity x = axial coordinate Y i = mass fraction of species k inj = angle of nozzle boundary-layer control system injection _ ! = species mass production rate Subscripts div = diverted inj = injection pyro = pyrolysis s = surface I. Introduction T HE erosion of a rocket-nozzle throat during motor operation leads to several problems. The material erosion reduces the area ratio of the nozzle exit to the throat, and consequently decreases the propulsive efficiency of the vehicle. The nozzle surface recession rate should be accounted to accurately predict the performance of a rocket motor. Graphite and carbon-carbon composites, which are widely used as nozzle materials, undergo significant erosion at high chamber pressures and temperatures [1] [2] [3] . The surface recession is primarily due to the chemical erosion caused by heterogeneous reactions between the nozzle material and oxygen-containing species (e.g., H 2 O, OH, and CO 2 ) in the propellant combustion products. Several comprehensive models [4] [5] [6] have been established to predict the nozzle erosion in practical rocket-motor environments. The erosion rate was found to increase linearly with the chamber pressure. Because a throat-area increase of more than 5% is considered alarming for most propulsion applications, the erosion level for ultrahigh pressures (50 MPa) and long-duration firings can become unacceptable. It is thus crucial to devise methods to mitigate nozzle throat erosion over a wide range of operating conditions, especially at high pressures.
One approach to reducing erosion is to develop propellants that yield minimal concentrations of undesirable oxidizing species. This may, however, not be practical from the perspective of system implementation in the near term. It is known that the chemical erosion of a nozzle can also be lowered by increasing the aluminum (Al) content in a metallized ammonium perchlorate/hydroxyl-terminated polybutadiene (AP/HTPB) propellant [2] . But the resultant increase in alumina slag (Al 2 O 3l ) may reduce the delivered performance of the motor, due to thermal and momentum-lag losses associated with twophase flow. The overall combustion efficiency may also decrease, leading to some unburnt Al. In addition, there would be an increase in mechanical erosion due to impingement of condensed-phase Al 2 O 3 particulates on the nozzle surface, especially for submerged nozzles. Refractory metals such as tungsten, rhenium, molybdenum, and their alloys have been used as materials for nozzle inserts, because they can resist chemical erosion more effectively than carbon-based materials [6, 7] . Unfortunately, the cost and weight penalties associated with these metals may sometimes render their use uneconomical. Refractory ceramic materials have also been employed, due to their remarkable erosion resistance. Although ceramics present lesser weight penalties than refractory metals, they are known to frequently suffer from cracking caused by thermal shocks [7] . Much effort has been made to address this issue by developing new materials. A notable example is composites of zirconium carbide (ZrC) and tungsten, which exhibit a strong resistance to both erosion and thermal shocks [8] .
Nozzle erosion can possibly be reduced by modifying the nozzle geometry. The extent of reduction, however, may be too small to dedicate efforts in this direction. For nonmetallized propellants, the Bartz correlation [9] suggests that the rate of heat transfer to the nozzle surface is inversely proportional to the diameter. Because nozzle erosion is directly correlated with heat transfer, a decrease in the throat diameter may possibly decrease the erosion rate. In practice, the nozzle diameter is selected based on other motor-operating parameters, and it may not be desirable to change the diameter solely from the perspective of erosion mitigation. It has been reported that a relatively long cylindrical throat section helps reduce erosion [10] . This phenomenon is attributed to the fact that a longer subsonic entry length leads to a thicker boundary layer, thereby decreasing the erosion rate. Such a long nozzle increases the weight penalty and consequently nullifies the advantage of reduced erosion.
In addition to the implementation of erosion-resistant materials, the problem can be circumvented by exercising some sort of control on the nozzle boundary layer. Because the temperature and oxidizingspecies concentrations near the surface are the two key parameters dictating chemical erosion [5] , any effective scheme for minimizing erosion must be executed through these parameters. Wolt and Webber [11] appear to have been the first to employ the so-called nozzle boundary-layer control system (NBLCS). Figure 1a shows a schematic ofthe NBLCS configuration for asolid rocket motor.The system diverts a small portion ( _ m div ) of hot combustion product gases from the chamber, and allows it to pass over grains of such ablative materials as succinic acid (SA) and polyvinyl acetate (PVA), as shown in a close-up view inFig. 1b.The species generated from the interaction between the diverted propellant combustion products and the ablative material are injected slightly upstream of the nozzle throat, with a temperature much lower than the flame temperature of the solid propellant. Furthermore, the mass fractions of oxidizing species H 2 O, CO 2 , and OH near the nozzle surface are substantially reduced as compared with those in the propellant combustion product stream.
Direct film cooling by injecting an inert, low-temperature fluid is not practical for solid rockets due to the performance degradation and weight/volume penalty. The NBLCS approach appears to be more practical and feasible from the technology implementation point of view. It is much better to use whatever is available on board and then carry a small mass of ablative solid grains. The purpose of the present work is to conduct a comprehensive theoretical/numerical study on the mitigation of nozzle throat erosion by employing the NBLCS. The analysis simulates the experimental study reported in [12] . Special attention is given to the effect of the injected flow on the physiochemical processes near the nozzle surface. In addition, a parametric study of the dependence of nozzle erosion on the NBLCS injection temperature, velocity, and geometric orientation is carried out to optimize the system effectiveness. Figure 2a shows the physical domain of concern, including a graphite nozzle and an NBLCS injection for erosion mitigation. The flow entering the nozzle consists of the combustion products of a nonmetallized AP/HTPB propellant. The main species considered are H 2 O, CO 2 , CO, HCl, N 2 , H 2 , OH, and H. Minor species, NO, O 2 , and O, are ignored, as they are present in negligible concentrations due to the fuel-rich nature of the propellant. The basis of the present analysis is the general framework developed and validated in our previous study of graphite nozzle erosion [5] . The formulation involves general conservation equations for the gas phase, energy transport in the solid phase, interfacial conditions between the gas and the solid phases, and the outer boundary condition of the nozzle material. The gas-phase dynamics are modeled using the Favreaveraged conservation equations of mass, momentum, energy, and species concentration in axisymmetric coordinates. Turbulence closure is achieved by means of a well-calibrated two-layer turbulence model suitable for transpiration and accelerating flows [5, 13] . Full account is taken of variable transport and thermodynamic properties. Table 1 summarizes the kinetics data employed for the heterogeneous reactions at the graphite nozzle surface.
II. Theoretical Formulation and Numerical Methods
The governing equations and associated boundary conditions are solved numerically by means of a density-based finite volume approach with body-fitted coordinates. The methodology adopted for turbulence modeling, time integration, and spatial discretization is detailed in [5] . The code has been implemented on a parallel computing facility by employing a distributed-memory message passing interconnection. The grid is stretched in the radial direction and clustered near the wall, to resolve the near-surface flowfield with high fidelity. The centers of the computational cells adjacent to the nozzle surface are located at y < 1, to accurately capture the nearwall phenomena. The current study predicts the erosion rate at steady state attained within a second of motor operation. Because the erosion rate is on the order of one-tenth of mm=s, the change in the nozzle geometry is not significant for the time duration of interest. Consequently, a moving wall boundary was not considered.
III. Nozzle Configuration with Nozzle Boundary-Layer Control System and Boundary Conditions
The nozzle and the NBLCS injection configuration are shown in (T t ) at the nozzle inlet are specified according to the chamber conditions. The velocity at the exit is supersonic. Table 2 lists the species mass fractions at the nozzle inlet obtained from the chemical equilibrium calculation [16] for a nonmetallized AP/HTPB propellant at p t 6:9 MPa. Three different chamber pressures and their corresponding flame temperatures are used to study the effect of motor-operating conditions and the NBLCS on the nozzle erosion. The species mass fractions remain nearly constant in the pressure range of 6.9-45 MPa. The ambient temperature is taken as 300 K.
In the experimental study conducted by Evans et al. [3, 12] to implement the NBLCS in a rocket-motor simulator, a small portion of propellant combustion gases from the combustion chamber is diverted and passed over multiple center-perforated grains of the ablative material made of SA/PVA (90=10 by mass). This material has a relatively low pyrolysis temperature. The energy transfer from the diverted combustion gases pyrolyzes the SA/PVA grain. The species resulting from the reactions between the diverted propellant combustion gases ( _ m div , about 1% of the total mass flow rate) and pyrolyzed SA/PVA ( _ m pyro ) are introduced slightly upstream of the nozzle throat through four injection ports. The fuel-rich species so formed can serve as scavengers for the oxidizing species in the boundary layer. The injection mass flux ( _ m inj ) through each of the four injection ports is given by
Kuo et al. [17] experimentally characterized the pyrolysis of SA/ PVA grains in the temperature range of 543-1163 K, by employing a confined rapid thermolysis technique as well as a conduction-driven heat transfer. It was found that the SA/PVA grain, when subject to rapid heating, melts and/or evaporates without undergoing any decomposition. A linear regression rate of the grain was established as a function of heat flux. A companion study of the flow through the NBLCS injection port was conducted by Acharya and Kuo [18, 19] . Their calculations suggest that the ratio of _ m div to _ m pyro falls in the range of 0.2-0.3, after a steady-state motor-operating condition is attained. In practice, however, the value of _ m pyro continues to increase with time, due to increasing surface area of the cylindrical SA/PVA grain during pyrolysis. Because the high heat flux from the diverted propellant combustion gases leads to rapid pyrolysis of SA/PVA, it is reasonable to assume an equilibrium composition at the NBLCS exit [17, 19] . The local temperature varies between 1000 and 1500 K [16] , depending on the value of _ m div = _ m pyro .
In the current analysis, the value of _ m div = _ m pyro was taken to be constant at 0.3. Two different injection temperatures (T inj ) of 1200 and 1500 K were considered. The injection velocity (u r-inj ) was estimated to be in the range of 100-120 m=s, according to mass conservation. It should be noted that the values of _ m div = _ m pyro , T inj , and u r-inj used here are only representative values that are likely to exist at the injection location. The estimates are believed to be sufficiently accurate for the purpose of evaluating the ability of the NBLCS to reduce nozzle throat erosion. The actual values may be somewhat different and may vary marginally with time during the course of motor operation. Although the injection has been treated as axisymmetric, in practice, there would be some three-dimensional effects due to the nonuniformity of injected flow. The species mass fractions at the injection port were calculated through the chemical equilibrium analysis [16] . Table 3 lists the inlet conditions at the NBLCS injection port. The concentrations of the oxidizing species of H 2 O and CO 2 are reduced significantly, as compared with their counterparts at the nozzle entrance. OH radical was not considered at the injection port, due to its negligible concentration.
IV. Results and Discussions
The theoretical/numerical framework described in the preceding sections was implemented to explore the effect of NBLCS on the chemical erosion of graphite nozzles in practical rocket-motor environments. Only the upper half of the nozzle is simulated due to flow symmetry. The axisymmetric computational domain in Fig. 2 is divided into 141 80 grid points in the x and r directions, respectively. The NBLCS injection temperature is 1200 K unless mentioned otherwise. The turbulent flow development in the same nozzle configuration was detailed earlier [5] . The gas-phase reactions were not considered in our previous studies because of their negligible effect on nozzle erosion [5] . In the present case, chemical reactions among the AP/HTPB combustion products and the injected species may occur in the boundary layer. Such reactions, however, will not have any significant impact on either the concentrations of H 2 O, OH, and CO 2 or the rate of heat transfer to the nozzle wall.
Two types of calculations for NBLCS, with and without surface reactions, were conducted. The results were systematically compared with the case without any NBLCS injection, to highlight the impact of this strategy. First, calculations were performed without including any heterogeneous surface reaction along the nozzle wall. The adiabatic wall condition was also enforced. The purpose was to examine the effect of NBLCS injection on the development of the flow and concentration fields, especially in the near-surface region. The results also provided a basis for clearly identifying the impact of surface reactions on the nozzle flow evolution. Figure 3a shows the distribution of the vertical velocity component in the nozzle interior. As expected, the vertical velocity is quite high at the injection location, reaching a local maximum value of about 120 m=s. The velocity increases downstream of the throat, due to the flow expansion caused by the divergent geometry. Figure 3b shows a tilted view of the vertical velocity distribution, highlighting the strategy of axisymmetric injection for mitigating erosion in a circumferentially uniform manner. Figure 4 presents a close-up view of the flowfield and associated streamlines near the injection port. The incoming flow from the combustion chamber is pushed slightly downward. The injection exerts limited influence on the bulk of the nozzle flow. Consequently, the nozzle efficiency and overall vehicle thrust remain almost unaffected. The nozzle throat regime is basically covered by the flow originating from the NBLCS injection port. Figure 5 shows the distributions of temperature and mass fractions of H 2 O, CO 2 , and OH. The injection of fuel-rich species gives rise to a concentration boundary layer above the nozzle surface. The effect is present even slightly upstream of the injection port because of species diffusion.
Both the temperature and oxidizing-species concentrations decrease substantially in the near-surface region. The effect of the NBLCS injection on the radial distributions of the oxidizing-species concentrations and temperature was studied. Figure 6 shows the result at the nozzle throat (x 2:65 cm). The mass fraction of H 2 O drops from 0.29 at the centerline to 0.114 at the surface. The corresponding values for CO 2 are 0.22 and 0.0074, respectively. The OH mass fraction at the throat is negligible. On the other hand, the mass fraction of H 2 at the throat increases from 0.003 at the centerline to 0.039 at the surface. Figure 7 shows the radial distributions of temperature at the throat for two different injection temperatures of 1200 and 1500 K. The temperature drops from about 2600 K at the centerline to 1670 K at the surface for the former case and to 2150 K for the latter case. The temperature profiles do not decrease monotonically from the centerline. The rise near the surface results from the dissipation of the flow kinetic energy into its thermal 6 Radial distributions of species at nozzle throat (x 2:65 cm) with NBLCS injection (T t 3000 K, p t 6:9 MPa, T inj 1200 K, no surface reactions, adiabatic wall). Fig. 7 Radial distributions temperature at nozzle throat (x 2:65 cm) with NBLCS injection (T t 3000 K, p t 6:9 MPa, no surface reactions, adiabatic wall).
energy. The reduction in the near-surface temperature and oxidizingspecies concentrations, as compared with their counterparts in the noninjection case, augurs well for minimizing the nozzle erosion.
To study the chemical erosion of the graphite nozzle material, the three heterogeneous surface reactions summarized in Table 1 were implemented. The oxidizing species of CO 2 , H 2 O, and OH are consumed at the surface to form CO, H 2 , and H. The temperature boundary condition at the nozzle surface is made conductive by considering the energy transport in the solid phase [5] . Figure 8 shows the distributions of mass fractions of H 2 O, CO 2 , OH, and CO for the case with surface reactions and a conductive nozzle wall. Unlike the situation shown in Fig. 5 without surface reactions, the species concentration gradients exist from the nozzle entrance, due to the combined effect of surface reactions and the NBLCS injection. Figures 9 and 10 show, respectively, the radial distributions of mass fractions of H 2 O and CO 2 at the nozzle throat. Both cases with and without the NBLCS are included. As expected, the injection of boundary-layer control gases reduces the H 2 O and CO 2 concentrations at the surface. The value of H 2 O mass fraction at the surface (0:107) is very close to that (0:114) shown in Fig. 6 , where surface reactions were turned off. A limited quantity of H 2 O is consumed at the surface, which indicates that minimal chemical erosion takes place when the NBLCS is activated. A similar comparison of CO 2 mass fractions was made between Figs. 6 and 10. Almost no CO 2 is consumed in the NBLCS case. The rate of graphite consumption by CO 2 is rendered negligible because of the drop in the nozzle surface temperature. Figure 11 shows the distributions of temperature in the nozzle interior under conditions with and without the NBLCS injection. The NBLCS proves very effective in lowering the nozzle surface temperature downstream of the injection port. Figure 12 shows the radial distributions of temperature at the throat for injection temperatures of 1200 and 1500 K. The surface temperatures reduce to 1640 and 2015 K, respectively, as compared with 2285 K for the noninjection case. The value of 1640 K is slightly lower than its counterpart of 1670 K in Fig. 7 , on account of the endothermicity of the surface reactions and wall heat transfer. The small difference in the surface temperature, however, indicates very nominal rates of surface reactions in the NBLCS case. Figure 13 shows the axial distribution of the surface temperature along the entire length of the nozzle. The surface temperatures are identical for all of the three cases upstream of the injection port. The NBLCS injection results in a sharp decrease near the injection port and in its downstream region. Figure 14 shows the distribution of the graphite erosion rate along the entire length of the nozzle, for the cases with and without the NBLCS injection. The erosion rates at the nozzle inlet start at nearly the same level for all cases, but the rate drops significantly for the NBLCS cases in the region downstream of the injection port. The calculated erosion rate at the throat with NBLCS injection is much lower (0:027 mm=s for T inj 1500 K and 0:0033 mm=s for T inj 1200 K) than for the noninjection case (0:124 mm=s). The erosion is found to be negligible when the injection temperature falls below 1200 K. Figure 15 shows a comparison of graphite erosion rates at the nozzle throat at various chamber pressures under conditions with and without NBLCS. Even at high pressures, the erosion rates are negligible with the NBLCS injection. Although the species concentrations employed at the NBLCS injection port were identical for the two injection cases, the erosion rate for T inj 1200 K was much lower than that for T inj 1500 K. The reduction in the erosion rate is thus attributed primarily to the low injection temperature and secondarily to the reduced concentrations of oxidizing species, H 2 O, CO 2 , and OH, in the near-surface region. Near-zero throat erosion was also observed experimentally by Evans et al. [12] when NBLCS injection was activated.
Although the strategy of NBLCS injection shows potential to mitigate nozzle erosion, there may still be some outstanding issues with respect to its implementation on a practical rocket motor. The influence of NBLCS injection on the nozzle efficiency and overall vehicle specific impulse has to be studied in detail. The injection flow parameters must be known precisely to enable accurate predictions of Fig. 8 Distribution of mass fraction of H 2 O, CO 2 , OH, and CO in nozzle interior (T t 3000 K, p t 6:9 MPa, T inj 1200 K, surface reactions, conductive wall). Fig. 9 Radial distributions of H 2 O at nozzle throat (x 2:65 cm) with and without NBLCS injection (T t 3000 K, p t 6:9 MPa, T inj 1200 K, surface reactions, conductive wall). Fig. 10 Radial distributions of CO 2 at nozzle throat (x 2:65 cm) with and without NBLCS injection (T t 3000 K, p t 6:9 MPa, T inj 1200 K, surface reactions, conductive wall).
the nozzle erosion rate. The high-velocity vertical injection may possibly interfere with the nozzle core flow and reduce the vehicle specific impulse. Further studies are needed to find an optimum injection angle to limit the impact of NBLCS to the near-surface region. It is also necessary to ensure that the injection port does not clog during the course of motor operation. This aspect is crucial in the case of metallized propellants, where the molten alumina can condense and cover the port, thus rendering the strategy of NBLCS ineffective. The possibility of flow reversal from the nozzle interior toward the injection port must be completely eliminated. In practice, the nonuniformity of injection flow might cause some threedimensional effects, leading to slight thrust vector misalignment issues in motors.
A parametric study of the NBLCS injection angle, velocity, and port diameter is conducted to help optimize the system design, so that throat erosion can be reduced substantially with minimal perturbation to the primary nozzle flow. The injection velocity was varied from 100 to 50 m=s, with all other conditions remaining unchanged. Figure 16 shows that the erosion rate increases with decreasing injection velocity. The reduced mass flux, as a result of the lower injection velocity, leads to a relatively higher surface temperature and a thinner boundary layer. Consequently, the erosion rate increases. Figure 17 shows the result for the injection angle of 135 deg, Fig. 13 Axial distributions of nozzle surface temperature with and without NBLCS injection (T t 3000 K, p t 6:9 MPa, surface reactions, conductive wall).
Fig. 14 Graphite nozzle erosion-rate profile with and without NBLCS injection (T t 3000 K, p t 6:9 MPa, surface reactions, conductive wall). Fig. 15 Effect of chamber pressure on graphite erosion rate at nozzle throat with and without using NBLCS. Fig. 12 Radial distributions temperature at nozzle throat with and without NBLCS injection (T t 3000 K, p t 6:9 MPa, surface reactions, conductive wall). Fig. 11 Distribution of temperature in nozzle interior: a) with injection, and b) without injection (T t 3000 K, p t 6:9 MPa, T inj 1200 K, surface reactions, conductive wall). Fig. 16 Graphite nozzle erosion-rate profile with two different vertical injection velocities (T t 3000 K, p t 6:9 MPa, T inj 1200 K).
measured from the positive x axis. The injection temperature and velocity remained fixed at 1200 K and 100 m=s, respectively. The erosion rate with vertical injection is lower than that for the case of inj 135 deg. Nonvertical injection leads to a thinner boundary layer, thereby causing more severe erosion.
V. Conclusions
A comprehensive theoretical/numerical analysis was performed to study the mitigation of graphite nozzle erosion in solid-propellant rocket motors by employing a NBLCS. The strategy was based on the injection of relatively low-temperature species slightly upstream of the nozzle throat, which were obtained from chemical reactions between pyrolyzed ablative material (succinic acid/polyvinyl acetate) and a small diverted portion of propellant combustion gases. The thermofluid dynamics in the nozzle were investigated in detail. Special attention was given to the flow evolution, species transport, and chemical reactions near the nozzle surface. Results indicate that the NBLCS injection had a limited influence on the bulk of the nozzle flow. The calculated erosion rates with NBLCS are negligible for vertical injection, even at ultrahigh pressures. The mitigation of nozzle erosion is attributed primarily to the low temperature of the injected fluid, and secondarily to the reduced concentrations of oxidizing species, H 2 O, CO 2 , and OH, near the nozzle surface. A parametric study was also conducted to determine the dependence of nozzle erosion on such NBLCS operating parameters as temperature, velocity, and injection angle. Lower injection velocity and nonvertical injection lead to a relatively higher surface temperature and a thinner boundary layer, subsequently causing an increase in the erosion rate. Overall, the implementation of NBLCS shows a potential to substantially reduce the chemical erosion of a rocket-nozzle throat over a wide range of motoroperating conditions. S. Son Associate Editor Fig. 17 Graphite nozzle erosion-rate profile with two different injection angles (T t 3000 K, p t 6:9 MPa, T inj 1200 K, u r-inj 100 m=s).
